A series of novel Pt-modified Cu-Fe-La/g-Al 2 O 3 catalysts were prepared by an incipient-wetness impregnation method, and their performances were evaluated in catalytic wet air oxidation (CWAO) of printing and dyeing wastewater (PDW). The as-prepared catalysts were characterized by X-ray photoelectron spectroscopy (XPS), nitrogen adsorption-desorption, X-ray diffraction (XRD), field emission scanning electron microscopy (FESEM), transmission electron microscopy (TEM), Raman spectroscopy, and temperature programmed reduction by hydrogen (H 2 -TPR). 
Introduction
The printing and dyeing wastewater (PDW) from the textile industry, printing industry, and dye production is a major source of organic pollutants with complex compositions, high concentration, and poor biodegradability, 1 harmful for water bodies and human health. A great many reports have documented that the conventional methods, such as physical and chemical methods, 2 biological degradation, 3 and conventional chemical oxidation methods, 4 couldn't effectively degrade refractory organic pollutants in PDW. 5 Thus, it is vital to develop a new method to treat PDW in an effective way.
Catalytic wet air oxidation (CWAO) technology has advantages of high efficiency, low cost, and no secondary pollution. Thus, it has recently attracted considerable attention due to its wide application in wastewater treatment and high efficiency in eliminating various types of pollutants. [6] [7] [8] In order to optimize reaction conditions and improve the catalytic performance (i.e. high efficiency, good stability and reusability), lots of heterogeneous catalysts have been successfully prepared. [9] [10] [11] In general, the heterogeneous materials, such as transition metals, rare-earth metals, and noble metals, are widely used as catalysts due to their superior physicochemical properties. Transition metals (e.g. Cu, Fe or Co) display high catalytic activity for treatment of organic wastewater and are less expensive, [12] [13] [14] while they are relatively unstable. Rare-earth metals (e.g., Ce or La) are known to improve the catalytic performance by changing the physical structure of the catalyst. Thus, they are widely used as additive agents. 15, 16 Noble metals, especially Pt-based catalysts, have been paid great attention and play as a crucial role in catalytic reaction, owing to high catalytic activity, long lifetimes, and applicability towards a wide range of substrates. [17] [18] [19] Noble Pt-based catalysts have exhibited the excellent catalytic performance in the CWAO process of different model compounds as well as industrial wastewaters. Although Pt-based catalysts are resistant to the metal leaching upon most occasions, they still suffer from poisoning during CWAO process. Furthermore, the formation of carbon-containing deposits leads to a loss of catalytic activity. Therefore, both stability and catalytic activity of a CWAO catalyst should be assessed while considering its application in wastewater treatment.
Recently it has been recognized that addition of Pt nanoparticles (NPs) may affect the catalytic activity and stability of CWAO catalysts. [20] [21] [22] Rocha et al. 23 reported that 5 wt% of Pt was impregnated in the TiO 2 -Ce support prepared by sol-gel method, and the prepared catalyst exhibited an excellent catalytic efficiency with an optimal proportion (55%/45%) of Pt 0 /Pt 2+ , due to the higher oxygen storage capacity (OSC) on the catalyst surface, while the catalyst activity decreased with Pt 2+ alone (100%). Pt has been proven to be intrinsically more active than Ru in Pt and Ru supported on TiO 2Àx wt% CeO 2 for CWAO of phenol due to high OSC values and the presence of Lewis acid sites. 24 Lousteau et al.
25
investigated the different noble metals enhanced the activity in the CWAO of ammonia in this descending order: Pt > Pd > Ir > Ru > Rh. The oxygen coverage on surface of the Pt-based catalysts plays a signicant role on both the activity and the selectivity. In addition, Pt dispersion is a decisive factor inuencing the performance of CWAO catalysts in degradation of aniline 26 and phenol. 27 In conclusion, the catalytic activity of Pt-based catalysts is signicantly affected by dispersion, chemical state and content of Pt. However, to the best of our knowledge, interactions between Pt and other active components are not well demonstrated, and CWAO performance of Pt-modied catalyst is not clearly linked with particle size, morphology and phase transformation of oxides at different calcination temperature.
In our previous study, 28 a heterogeneous Cu 1.5 Fe 1.5 La 3 /gAl 2 O 3 catalyst was successfully fabricated and used for the treatment of PDW. However, this new catalyst suffered from deactivation due to dissolution of the active components under the harsh reaction conditions in the CWAO process. These disadvantages motivate the research for improving stability and catalytic activity of Cu 1.5 Fe 1.5 La 3 /g-Al 2 O 3 catalyst. The major objective of this study is to design and prepare highly active Ptbased ternary catalysts for CWAO treatment. In addition, in order to investigate the effects of particle size of as-prepared catalysts and synergistic effects among Pt and other metal catalysts, a series of novel Pt-doped Cu-Fe-La/g-Al 2 O 3 catalysts with different Pt contents were prepared, and the intrinsic activity and stability over these catalysts at different calcination temperatures were investigated.
Experimental

Catalyst preparation
All the chemicals used in this study were of analytical grade. For preparation of the g-Al 2 O 3 support, the pseudo-boehmite particles were washed thrice with distilled water, and then dried at 105 C for 10 h with ventilation in an electro-thermal blow-drying oven. Finally, the sample was calcined at 650 C (heating rate:
) for 3 h in a high-temperature heater case. With the desired 6 wt% of total metal loading, the obtained samples were designated as Pt 
Catalyst characterization
The binding energies of the elements in the catalyst were determined using an X-ray photoelectron spectrometer (XPS, Kratos AXIS Ultra DLD, Shimadzu, Japan) using Al Ka radiation. The specic surface area, pore volume, and pore diameter of the catalysts were determined using a physical adsorption instrument (ASAP2400, Micrometrics, USA) at À196 C. The phase compositions of the catalysts were determined with X-ray diffraction (XRD) analysis, on a Bruker D8 Advance X-ray diffractometer (Cu Ka radiation, 40 kV and 40 mA, Germany). The surface morphology and particle size distribution of the catalysts were recorded on a eld emission scanning electron microscopy (FESEM, ZEISS Uriga FIB, Germany) and highresolution transmission electron microscopy (HRTEM, FEI Tecnai G2, USA), respectively. The samples were crushed into a powder and dispersed in a small volume of ethanol under sonicating the mixture for 15 min, and deposition of the obtained suspensions onto a holey carbon TEM grid. Raman spectroscopy were recorded in a RENISHAW inVia Reex Raman spectroscopy with an Ar-laser excitation wavelength of 514.5 nm, and data acquisition were done with the LabSpec (Jobin Yvon-Horiba) soware. Temperature programmed reduction by hydrogen (H 2 -TPR) experiments were carried out on a Micromeritics Autochem 2920 II instrument equipped with a thermal conductivity detector using the gas mixture (10 vol% H 2 in Ar) at a ow rate of 20 mL min À1 . The temperature increased from room temperature to 900 C (10 C min À1 ). Prior to the H 2 -TPR experiments, precisely weighted 20 mg catalyst was rst pretreated at the corresponding calcination temperature for 1 h under the oxygen condition and then naturally cooled to room temperature with an Ar ow.
Catalyst performance evaluation and analytical method
To evaluate the CWAO performance of the catalyst samples, synthetic PDW containing methyl orange (MO) was prepared with a concentration of 951.6 mg L À1 , a COD of 2000 mg L À1 , and pH of 6.4. The degradation of PDW sample by CWAO was conducted in a reactor (Weihai, GS type, 0.5 L) dosed with the composite catalyst of 2 g L
À1
, stirred at 500 rpm, and pressurized to an oxygen partial pressure of 2.0 MPa. Then the mixture was heated to 200 C and 20 mL solution was sampled at specic time intervals (10, 20, 40, 60 , and 90 min) during the reaction. To estimate the catalytic activity, the COD was measured by an opened reux method. Briey, the organic compounds were oxidized by potassium dichromate under acidic condition and at 160 C for 2 h. Then the excessive potassium dichromate remaining in the solution was determined by titration with ferrous ammonium sulfate. 29 The COD removal efficiency for PDW was dened as eqn (1):
where D is the COD removal efficiency of PDW, C 0 is the initial COD concentration of PDW, and C t is its COD concentration at sampling time t.
In addition, the absorbance of each solution recording the absorbance at 465 nm was analyzed using a TU-1810 UV-Vis spectrophotometer. The catalytic stability was evaluated by monitoring the metal leaching by an inductively coupled plasmaatomic emission spectrometer (ICP-AES, 7700s, Agilent, USA).
Results and discussion
Effect of multi-metallic interactions
To investigate the effects of catalyst compositions on activity and stability, the performances of all the catalysts were evaluated in CWAO of PDW. Fig. 1 addition of Pt, the Cu 2p 3/2 peaks of Cu 2+ and Cu + were shied from 932.2 and 933.7 eV to 932.9 and 934.6 eV (Fig. 2d) . As shown in Fig. 2e In conclusion, Pt addition made the Fe 2p, Cu 2p, and La 3d peaks of the catalyst shied to higher BEs, while the BEs of Pt 4f were lower than the corresponding standard values. 30 Because Fermi levels of Fe, Cu and La are lower than that of Pt, synergistic multi-metallic interaction may alter the electron cloud density around every element, leading to electron transfer and lattice expansion/compression from each of the elements Fe, Cu, and La to Pt. [34] [35] [36] 39 have studied the 2-chlorophenol was treated with the carbon-supported iron oxide catalyst in the CWAO, and 27 mg L À1 of leached iron was found to play an important role in the overall CWAO performance. The use of the acetate buffer (pH ¼ 4.5) was helpful in minimizing the iron leaching while keeping some catalytic activity. In the present study, it is found that addition of Pt in Cu-based CWAO catalyst can substantially improve the stability of catalysts while maintaining high activity towards pollutants oxidation. (5) 750 C.
To investigate the crystallinity as well as the phase structure of the catalysts, XRD of the Pt 1 Cu 1 Fe 1 La 3 /g-Al 2 O 3 catalyst obtained by calcination at 350, 450, 550, 650, and 750 C, were recorded (Fig. 4) (JCPDS 04-0856), respectively, representing the (À111), (311), and (400) reection, respectively. Therefore, the higher calcination treatment contributes to the phase transformation, but leads to a decrease in specic surface area (Table S1 † an obvious loss of surface area was due to sintering and crystallite growth, being adverse to dispersion of catalyst particles on the surface of g-Al 2 O 3 . In general, larger specic surface area of the catalyst calcined at 650 C is favorable for dispersion stabilization of metal active phase, thus higher catalytic activity and the stability of the catalyst. Fig. 5a -e. The average particle size varies from 4.71-6.95 nm with the elevation of calcination temperatures, due to the particle growth and enrichment of metallic oxide species over the surface upon calcination. Interestingly, at calcination temperatures above 650 C, the particle size of the catalyst becomes more larger, corresponding to a signicant decrease in their catalytic performance (Fig. 3) . In the case of the Pt 1 Cu 1 Fe 1 La 3 /g-Al 2 O 3 catalyst calcined at 650 C, the lattice fringes of metallic oxide can be clearly seen in the HRTEM images of the catalysts (Fig. 5f ). The lattice spacing of 0.228 nm is assigned to the (111) interlayer spacing of g-Al catalyst calcined at 650 C has akes or quasi-spheres porous structure (Fig. S2a †) 52 It should be noted that the intensity of the rst reduction peak decreases as the calcination temperature increases, implying the loss of surface oxygen and OH groups or reduction of PtO and PtO 2 . This is in good agreement with XRD results which show the improved crystallinity and presence of elemental Pt at elevated calcination temperature (Fig. 4) .
Catalyst reusability
To be cost-effective, an ideal CWAO catalyst should show sufficient activity upon repeated use. Thus, the reusability of the Pt 1 Cu 1 Fe 1 La 3 /g-Al 2 O 3 catalyst was evaluated in CWAO of PDW. The used catalyst was washed with deionized water and then dried at 105 C for 10 h. Then it was reused in the next cycle without any calcinations treatment. As shown in Fig. 8 
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